We have developed ribozymes (Rz) that inhibit BRCA1 expression in order to study the role of this gene in chemosensitivity. Two Rz, targeting positions 358 or 5282 of the BRCA1 mRNA, were cloned into the retroviral vector LXSN and lipofected into the breast cancer cell-line HBL100. We obtained 79 ± 99% inhibition of BRCA1 expression, as determined by real-time quantitative PCR and by Western blotting. Decreased expression of BRCA1 led to sensitivity to the DNA damaging agents cisplatin and etoposide, resistance to the microtubule-interfering agents (MIA) taxol and vincristine. The molecular mechanism of resistance to MIA was investigated further by determining the status of the JNK pathway. We found that JNK1 expression was elevated, while JNK2 expression was decreased in Rz-expressing clones compared to controls. We have quanti®ed the mRNA levels of BRCA1, JNK1, 2, MEK-4, -7 and c-jun after treatment with MIA. Vincristine treatment of control cells resulted in transcriptional repression of BRCA1, while the JNK1, 2, MEK-4, -7 and c-jun genes were induced. In Rz-treated cells, only JNK1 and MEK-4 were expressed and none was induced after MIA treatment. We then studied the phosphorylation of c-jun, a downstream eector of the JNK pathway. We observed a strong increase in phosphorylated c-jun after MIA treatment of the control cells but not in BRCA1-Rz treated cells, suggesting inhibition of the JNK pathway. These results show that the BRCA1-JNK pathway is involved in the cytotoxic response to MIA treatment, and inhibition of BRCA1 leads to transcriptional modi®cations of the JNK pathway. Oncogene (2001) 20, 6597 ± 6606.
Introduction
BRCA1 (Miki et al., 1994) is involved in 20 ± 45% of inherited breast cancer cases and 80% of families predisposed to breast and ovarian cancer. Only germline mutations have been described, and the majority of these result in truncated protein. However, decreased BRCA1 mRNA levels have been observed in sporadic breast cancer cases, showing the possible involvement of BRCA1 in both sporadic and hereditary breast cancers. BRCA1 is located at 17q21 and encodes a 220 kDa nuclear phosphoprotein (Chen et al., 1996; Runer and Verma, 1997) with several motifs: an Nterminal RING ®nger domain, two BRCT domains and a transactivating domain in the C-terminus (Chapman and Verma, 1996) , suggesting that BRCA1 can act as a transcription factor (reviewed in Welcsh et al., 2000) . Moreover, BRCA1 is a component of the RNA polymerase holoenzyme II (Schlegel et al., 2000; Scully et al., 1997a) and can interact with several proteins involved in the regulation of transcription, including CREB binding protein/p300 (Pao et al., 2000) , RNA helicase A (Anderson et al., 1998) and CtIP/CtBP Wong et al., 1998; Yu et al., 1998) . It has been shown that BRCA1 can associate with p53 both in vitro and in vivo to stimulate its transcriptional activation of the p21 waf1/cip1 (Somasundaram et al., 1997) , mdm2 (Ouchi et al., 1998) and bax promoters. BRCA1 can also transactivate the expression of p21 waf1/cip1 in a p53 independent manner (Somasundaram et al., 1997) and modulate the transcriptional activity of c-myc . All these elements make BRCA1 a candidate for a transcriptional coactivator.
BRCA1 is also involved in maintaining genome integrity: it becomes activated by phosphorylation and relocalizes after exposure to DNA double strand break damage (Scully et al., 1997b) . It interacts with the Rec A homologue hRad51 (Scully et al., 1997c) and BRCA2 in subnuclear foci, and activates homologous recombination repair of doublestrand breaks . It can also interact with the hRad50-hMre11-p95/nibrin complex after irradiation by forming nuclear foci (Zhong et al., 1999) . Recently, it has been found that BRCA1 can be phosphorylated by ATM (Cortez et al., 1999) , hCds1/ Chk2 (Lee et al., 2000) and ATR (Chen, 2000) in response to gamma-irradiation. Li et al. (1999) have also shown that CtIP interacts with BRCA1 and is involved in mediating transcription-coupled DNA repair (TCR) of p21 its expression leads to modi®cations of TCR and radioand chemo-resistance. It was demonstrated that the upregulation of BRCA1 expression leads to increased resistance to cisplatin in the SK-OV-3 human ovarian cancer cell line (Husain et al., 1998) , while Abbott et al. (1999) showed that restoration of BRCA1 in the BRCA1 negative HCC1937 human breast cancer cell line restores radioresistance . BRCA1 is also involved in controlling centrosome duplication through a physical interaction with the centrosome (Xu et al., 1999) . Moreover, Hsu and White (1998) have shown that BRCA1 interacts during mitosis with gamma-tubulin, a component essential for nucleation of microtubules. This suggests that BRCA1 may be a regulator of mitotic-spindle assembly.
Recently, BRCA1 has been linked to the c-Jun Nterminal kinase (JNK) pathway. Harkin et al. (1999) showed that enhanced BRCA1 expression led to the modulation of the expression of several genes, including GADD45, and also to the activation of JNK by phosphorylation, which correlated to an increase in JNK-dependent apoptosis. Others showed that BRCA1 enhanced apoptosis through signalling pathways involving H-Ras, MEKK-4, JNK, Fas/Fas ligand interaction and the activation of caspase-8 and 9 (Thangaraju et al., 2000) .
The hammerhead ribozyme (Rz) was initially described in satellite RNA of tobacco ringspot virus and cleaves in cis in vivo (Forster and Symons, 1987) . This capacity to cleave RNAs in a sequence-speci®c manner is now used to inhibit gene expression by using trans-acting Rz (Uhlenbeck, 1987) . The capability of a Rz to form a duplex with a mRNA, cleave it, and dissociate from the duplex in order to cleave an another molecule is an attractive strategy to inhibit gene expression. Targeting a speci®c mRNA is possible by modifying the Rz sequence, which is composed of a catalytic core and two¯anking sequences (Figure 1 ). Rz can cleave any sequence containing a NUX triplet (N: A, U, C, G and X: A, C, U), although GUC seems to be the most ecient (Runer et al., 1990) . Other factors are important in the choice of the triplet, including the accessibility of the triplet site according to the secondary and tertiary structure of the target mRNA and the G/C composition of the¯anking sequences which in¯uence the dissociation of the duplex Rz/mRNA after cleavage. Several genes have been inhibited by antisense Rz leading to modi®ed phenotypes and resulting in therapeutic applications (reviewed in Rossi, 1999; Vaish et al., 1998) .
To study the function of BRCA1, we developed ribozymes to inhibit its expression and determined phenotypic changes created by the absence of the BRCA1 protein. Our ®rst goal was to check the sensitivity of ribozyme-treated cells to chemotherapeutic drugs to determine the role of BRCA1 in the response to drug treatments including genotoxics and mitotic spindle poisons.
Results

Design and efficiency of ribozymes in a cell-free assay
Before in vivo utilization, the activity of each Rz was checked in vitro against a synthetic RNA containing the target site to con®rm the catalytic activity of the Rz. The eciency of cleavage is the quantity of target cleaved by the Rz. The results show that the Rz BRCA1 ± 358 and 5282 were more ecient than Figure 1 Synthesis of the target by the hammerhead ribozyme targeting the BRCA1 mRNA at the position 358 and its predicted secondary structure in association with the target mRNA. The T7 RNA polymerase promoter is in bold, restriction site in lower case, catalytic core in italic and the¯anking sequence underlined BRCA1 ± 4666 (Table 1) . The low activity of BRCA1 ± 4666 may be explained by the higher G/C composition of the¯anking sequence. Expecting a good correlation between Rz activity in vitro and in cultured cells, we decided to keep the Rz BRCA1 ± 358 and 5282 and to clone these two Rz into the retroviral vector LXSN. The sequences of our ribozymes were checked against the genome data base for possible cross-reaction to other genes and no signi®cant homology to the cleavage sites was detected. We also tested these ribozymes on Brca1 mRNA, the murine homologue of BRCA1, and found that our ribozymes were unable to cleave the murine sequence, demonstrating their speci®city.
Down regulation of BRCA1 expression
We screened six stable cell clones containing either LXSN BRCA1 ± 358 or LXSN BRCA1 ± 5282. We studied further the four of them which showed the most signi®cant decrease in BRCA1 mRNA: HBL100 LXSN 358.1 ± 358.3 (hereafter referred as H100LX3.1 ± 3.3) and HBL100 LXSN 5282.3 (H100LX5.3). Quantitative real-time RT ± PCR showed that H100LX3.1, H100LX3.2 and H100LX5.3 expressed less than 1% of the parental BRCA1 mRNA level, while H100LX3.3 expressed 20% of the parental level (Figure 2) . In a second RNA extraction of H100LX3.3 after several weeks of culture, no BRCA1 transcript could be detected; therefore we designated the two extractions H100LX3.3.1 and H100LX3.3.2.
Western-blotting of BRCA1 showed that no protein could be detected for the four sub-clones (Figure 2 ). Even H100LX3.3.1, with a decrease of only 79% in the amount of mRNA, had no detectable BRCA1 protein.
Sensitivity to DNA damaging agents: etoposide and CDDP Untreated BRCA1-Rz cells showed enhanced proliferation compared to the negative controls HBL100 and H100LXSN (Figure 3a) , which is consistent with data published by Rao et al. (1996) .
We tested the eect of two DNA damaging agents: CDDP (an intercalating agent) and etoposide (an inhibitor of topoisomerase II) on cellular The eciency is the percentage of target cleaved by the Rz in 90 min (* ratio of target to Rz of 1/5 or 1/200)
Figure 2 BRCA1 expression in controls and BRCA1Rz clones determined by real-time quantitative PCR, using 18S an internal control. All results are normalized to the HBL100 value. BRCA1 expression was also determined by Western blotting using the C-20 antibody from Santa-Cruz Biotechnology and anti-actin A4700 from Sigma proliferation. The proliferation of the BRCA1-Rz clones was inhibited by CDDP and etoposide showing the sensitivity of the BRCA1 de®cient cells (Figure 3b ,c).
Resistance to mitotic-spindle poison: taxol and vincristine
Taxol and vincristine are microtubule-interfering agents (MIA) which act respectively by inhibiting the depolymerization of the mitotic spindle and by inhibiting the polymerization of tubulin. For both drugs, we observed chemoresistance in the BRCA1-ribozyme clones compared to controls (Figure 3d ,e): the control cells were unable to grow, while the ribozyme-treated cells continued to proliferate. So inhibition of the expression of BRCA1 led to resistance to mitotic-spindle poisons independently of their level of action.
Status of JNK: quantification of JNK1, 2 mRNA
MIA cause cell death through the induction of G2/M arrest and initiation of apoptosis via the activation of the c-Jun N-terminal kinase/Stress-activated protein kinase by several MAPkinasekinases (Lee et al., 1998; Wang et al., 1998b Wang et al., , 1999 Wang et al., , 2000 . As described previously by Harkin et al. (1999) increased expression of BRCA1 leads to the activation of JNK by phosphorylation. We performed real-time quantitative RT ± PCR on JNK1 and JNK2 to determine if reduction of the level of BRCA1 modi®ed the expression of JNKs (Figure 4 ). The mRNA expression of JNK1 was elevated in a range of 154 ± 266% in BRCA1-Rz clones. JNK2 expression was decreased following the same expression pro®le as the BRCA1 mRNA. Notably, in extraction H100LX3.3.1 where the inhibition of BRCA1 was the least, there was little decrease in JNK2 mRNA, whereas in the extraction H100LX3.3.2, BRCA1 mRNA was barely detectable and JNK2 fully repressed.
Modulation of BRCA1, JNK1, 2, MEK-4, -7 and c-jun expression during MIA treatment
To further investigate the MIA resistance of BRCA1-ribozyme treated cells, we treated H100LXSN and H100LX3.1 cells with vincristine and quanti®ed the mRNA levels of BRCA1, JNK1, 2, MEK-4, -7, which are kinases of JNK1, 2 and c-jun which is a downstream eector of JNK ( Figure 5 ).
H100LXSN control cells exhibited decreased BRCA1 expression after 24 h of vincristine treatment, which returned to basal level within 24 h after the end of Determination of mRNA level of BRCA1, JNK1, 2, MEK-4, -7 and c-jun genes by Real-Time quantitative PCR using of a reference gene (18S ribosomal RNA) as an internal control for PCR. Quanti®cations were done by the comparative Ct method and reported to the value of H100LXSN at T0. Treatment by 2.5 mM vincristine were done for 24 h between T0 and T24 and then cultivated in fresh medium
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We obtained parallel results for MEK-4, -7, the kinases of JNK1, 2. For MEK-4, the basal level expressed by the H100LX3.1 was increased twofold compared to H100LXSN. After vincristine treatment, MEK-4 was induced in control cells and suppressed in ribozyme-treated cells. Expression of MEK-7 was also induced in control cells, but like JNK2, was undetectable in H100LX3.1. c-jun exhibited pro®les similar to that of JNK2: induction in control cells and repression in H100LX3.1.
Induction by phosphorylation of c-jun by MIA treatment
We used H100LXSN cells and H100LX3.1 cells to study the phosphorylation of c-jun after MIA treatment. c-jun is a downstream eector of the JNK pathway, and becomes phosphorylated by JNK in response to a variety of treatments. H100LXSN control cells exhibited a strong increase of p-c-jun after 24 h of MIA treatment, which was maintained 24 h after treatment ( Figure 6 ). In BRCA1-Rz cells, the basal level of p-c-jun was close to the control level, but induction by MIA was strongly attenuated and delayed. This result showed the reduced capacity of BRCA1-de®cient cells to induce downstream factors of the JNK pathway.
Discussion
Our two Rz targeted dierent regions of the BRCA1 mRNA, and both had strong activities in vitro and after transfection into cells. The ®nding that two dierent Rz targeting respectively the 5' and the 3' ends of the BRCA1 mRNA, and neither of which was homologous to anything aside from BRCA1 in the GCG database, resulted in identical chemosensitivity phenotypes demonstrates the speci®city of these Rz for the BRCA1 mRNA. The dierent levels of BRCA1 and JNK expression found for the two extractions of H100LX3.3 may be due to modi®cation of transgene expression. Several genes were strongly underexpressed in Rz clones, and as the quantitative PCR was performed using an internal 18S control in a multiplex PCR, this cannot be explained by a defect in RNA isolation, reverse transcription or in PCR. The sequences of our ribozymes have been checked for possible cross-reaction to other genes, no signi®cant homology to the cleavage site was detected. Therefore the decreased expression of these genes re¯ects a biological response to BRCA1 inhibition due to its transcriptional functions.
The ®rst phenotype evaluated was cellular sensitivity to dierent chemotherapeutic drugs. Two kinds of drugs were used: DNA damaging agents and microtubule-interfering agents. For the ®rst group, our results support a role for BRCA1 in the response to DNA damage and are consistent with the results of Husain et al. who showed that BRCA1 was overexpressed in CDDP-resistant MCF-7 cells and that inhibition of BRCA1 in this cell line restored sensitivity to CDDP (11): (Husain et al., 1998) . The Rz-dependent sensitivity of HBL100 cells to etoposide and CDDP suggests that ribozymes targeting BRCA1 could be used to sensitize tumour cells to certain DNA damaging agents. This result must be investigated further in an animal model to evaluate the usefulness of BRCA1 ribozymes as a therapeutic alternative in tumours resistant to some classic chemotherapeutic treatments or to correlate BRCA1 expression level to chemosensitivity/resistance.
We also tested the microtubule-interfering agents taxol and vincristine. These are poisons of the mitotic spindle and act by inhibiting either the depolymerization or the polymerization of tubulin. For both drugs, the ribozyme-treated cells were more resistant than the parental cells. Understanding the mechanism of this resistance may help us to understand and also predict cancer cases resistant to MIA treatment. JNK is involved in a signal transduction cascade inducing cell death in response to defects in the mitotic spindle. Several studies have shown that MIA activate this pathway, and lead to the phosphorylation of proteins such as p53, c-jun or Bcl2, and to the initiation of apoptosis.
How might BRCA1 be involved in MIA resistance? Previous studies indicate that BRCA1 is an upstream regulator of JNK and is involved in mitotic-spindle assembly. Our results are consistent with all these elements. The strikingly dierent eect on the transcription of JNK1 and JNK2 suggest that these two homologous genes have dierent functions at the basal level and in response to MIA, although very little data is available to suggest what this dierence may be. The JNK kinases, MEK-4 and MEK-7 also exhibited dierent expression patterns. Here again, little is known about the dierence between these two genes and their involvement in a speci®c phosphorylation of JNK. During MIA treatment, the control cells exhibited an increase in the mRNA levels of all four genes, whereas in H100LX3.1 a decrease of JNK1 and MEK-4 mRNA levels was observed, while JNK2 and MEK-7 mRNA remained undetectable. The transcriptional level may help us to distinguish a possible association between MEK-4-JNK1 and MEK-7-JNK2. Given the expression patterns in H100LX3.1, we may begin to develop an hypothesis on the resistance to MIA. It seems that BRCA1 induces elements of the JNK pathway, which initiate apoptosis after MIA treatment. Thus, the BRCA1 de®cient cells failed to induce this pathway resulting in a resistance to MIA. This hypothesis was con®rmed by analysis of induction of c-jun phosphorylation by MIA in H100LX3.1 which was strongly attenuated and delayed compared to control cells. Control cells exhibited decreased BRCA1 expression after 24 h of vincristine treatment, which returned to basal level within 24 h after. Similar results have been found in studies of BRCA1-expressing breast, ovarian and prostate cancer cell lines with various cytotoxic drugs (Andres et al., 1998; Fan et al., 1998a,b) . In the MCF-7 breast cancer cell line, down-regulation of BRCA1 and BRCA2 mRNA levels was detected after treatment with adriamycin, campothecin and the MIAs taxol and vincristine. In a prostate cancer cell line, treatment with adriamicin and UV decreased the mRNA levels of BRCA1 and BRCA2, as well as p300 and hRad51, although no eect was observed with MIAs in this study. BRCA1, which is involved in sensing DNA damages, transcription coupled DNA repair and also in promoting apoptosis via the JNK pathway, has the same expression pro®le after treatment by DNA damaging agents or by MIA.
Two hypotheses can explain how BRCA1 eects JNK pathway after MIA treatment. The ®rst involves the interaction of BRCA1 with the centrosome and speci®cally with gamma-tubulin, a component of the mitotic spindle. The function of this interaction is unclear, although Hsu and White (1998) suggest that BRCA1 may be a regulator of mitotic spindle assembly and of the G 2 /M checkpoint. Moreover, Xu et al. (1999) have shown that BRCA1 is involved in the control of centrosome duplication and chromosome segregation. MIA act by inhibiting either the depolymerization or the polymerization of tubulin and then the dynamic nature of the mitotic spindle is blocked. The sensor which signals dysfunction of the mitotic spindle is unknown. Wang et al. (1999) suggest the existence of a surveillance mechanism signalling the functional integrity of microtubules to nuclear transcription factors. The accumulated phenotypic and localization data suggest that BRCA1 is a good candidate for this sensor position on the mitotic spindle to detect microtubular disarray and activate the JNK cascade, leading to initiation of apoptosis. In this case BRCA1 may induce signal-transduction pathways indicating the disarray of the spindle leading to the arrest of the cell-cycle and the initiation of apoptosis. In the absence of BRCA1, such spindle disarray goes unsignalled and the cell cycle proceeds unchecked. This hypothesis is supported by the results of Xu et al. (1999) who found that 30% of brca1D11/ D11 cells (lacking exon 11) contained multiple centrosomes, leading to unequal chromosomal segregation and aneuploidy suggesting an important role for BRCA1 in centrosome duplication.
The second hypothesis involves BRCA1's function as a transcriptional co-activator implicated in transcription coupled DNA repair. Thangaraju et al. (2000) have shown that BRCA1-dependent apoptosis used the JNK pathway and that taxol treatment induced this pathway. Here again, the lack of BRCA1 may result in the failure to induce this pathway resulting in the uninitiation of apoptosis and to cell-cycle progression.
Resistance to MIA may also be explained by their decreased action on microtubules, for example by modi®cations of drug withdrawal or bioavailability of MIA. Some of the proteins which may be involved in this pathway are MRP (multidrug resistance protein) or P-glycoprotein, which act by reducing drug accumulation. Microtubule-associated proteins (MAP) are also linked with sensitivity to MIA. Expression of MAP4 is known to be repressed by p53 but also correlated with eciency of MIA. Overexpression of MAP4 increased microtubule polymerization and sensitivity to Taxol, and also decreased microtubule binding, which increased sensitivity to vinca alkaloids (Zhang et al., 1999) . MAP2 may also potentiate the eect of MIA; it has been shown that the level of proteolysis of MAP2 modi®ed the eect of taxanes (Fromes et al., 1996) . To date, no link between BRCA1 and microtubule-associated proteins has been established, but, like p53, BRCA1 may modulate MAP expression leading to a modi®cation of MIA eciency.
Two main conclusions can be drawn from our results. First, the inhibition of BRCA1 expression leads to sensitivity to some cytotoxic drugs. Ribozyme targeting BRCA1 may be useful to sensitize tumour cells to genotoxic drugs. These results have to be con®rmed in vivo in an animal model. Secondly, a new function may be ascribed to BRCA1: a role in sensing disarray in the mitotic spindle with transduction of this signal through the JNK pathway. An element that merits further investigation is the dierent expression patterns of JNK1 and JNK2, MEK-4 and MEK-7, at the basal level and after MIA treatment. The relationship and the real functions of these four genes may help us to explain the resistance to MIA caused by BRCA1 inhibition.
All these results may be useful in explaining resistance to MIA treatment in some breast cancer cases. Clinical studies may help us to determine the relationship between BRCA1 expression in breast cancer tumour cells and eciency of MIA treatment. BRCA1 expression may be a predictive marker for chemosensitivity/resistance to treatment by MIA such as Taxol.
Materials and methods
Cell culture
The human breast cell line HBL100 was obtained from ATCC and was maintained in McCoy's Medium containing 10% fetal bovine serum, 1% glutamine and 1% penicillinstreptomycin, under an atmosphere of 95% air, 5% CO 2 at 378C.
Design and construction of ribozymes and in vitro RNA targets
To design the anti-BRCA1 ribozyme, we ®rst mapped the 56 GUC triplets of the BRCA1 mRNA. We retained all the sites not located in exon 11 (because of a splice variant lacking this exon) and with a G/C composition of less than 45% in the two¯anking sequences of seven nucleotides (for better dissociation of the Rz-mRNA duplex). Nine sites corresponded to these criteria. Finally, we looked at the secondary structure of the target site using MFold (Jaeger et al., 1989; Zuker, 1989) to determine the accessibility of the target for the Rz. This tool was helpful in choosing between the dierent candidates. With all these data, we selected three Rz, one in the 5' region of the gene (position 358 in the mRNA) and two in the 3' region (positions 4666 and 5282).
For each ribozyme, a pair of oligonucleotides were synthesized, one containing the T7 RNA polymerase promoter and a part of the sequence of the Rz (Figure 1) . The two primers contained a complementary sequence of 12 nts and also two restriction sites (EcoRI and XhoI) for cloning into the retroviral vector LXSN. PCR was performed by mixing the primer pairs forming a hemiduplex (948C ± 30 s, 408C ± 30 s, 728C ± 1 min for 15 cycles). The sequences of the primers for the Rz are: BRCA1-358: 5'-GCTAATACGACTCACTATAGGGCgaattcACAAGTTCTGATGA-3'; 5'-ATctcgagATTTAGTTTCGTCCTCACGGACTCATCAG-AACTT-3'. BRCA1-4666: 5'-GCTAATACGACTCACTATAGGGCgaattcTTCTGAACTGATGA-3'; 5'-ATctcgag-TGGGAGTTTCGTCCTCACGGACTCATCAGTTCAG-3'. BRCA1-5282: 5'-GCTAATACGACTCACTATAGGGCgaattcTTTAATACTGATGA-3'; 5'-ATctcgagACCCAGTTTC-GTCCTCACGGACTCATCAGTATTA-3'. (T7 RNA polymerase promoter in bold, restriction sites in lower case, anking sequences underlined and catalytic core in italics). The synthesis of DNA template for the RNA targets was performed with two primers¯anking the GUC target site, with the forward primer containing the T7 RNA polymerase promoter for in vitro transcription. The primers are (T7 RNA polymerase promoter in bold): for RNA target for ribozyme BRCA1-358: 5'-GCTAATACGACTCACTATAGGGCCAA-GGAACCTGTCTCCACAAAGTG-3'; 5'-CGTCTTTTGA-GGTTGTATCCGCTG-3' for RNA target for ribozymes BRCA1-4666 and BRCA1-5282: 5'-GCTAATACGACTCAC-TATAGGGCGCGAAATCCAGAACAAAGCACATC-3'; 5'-TTCTCTTGCTCGCTTTGGACC-3'. The PCR was performed at 948C ± 30 s, 558C ± 30 s, 728 ± 1 min for 35 cycles.
In vitro transcription
The three Rz and the two RNA targets were synthesized by T7 polymerase transcription using 1 mg of DNA template. The reaction was carried out using the RiboMax kit (Promega) (7.5 mM NTP, 80 mM HEPES/KOH pH 7.5, 20 mM MgCl 2 , 2 mM spermidine, 40 mM DTT and 600 units of T7 RNA polymerase) for 3 h at 378C. The DNA template was eliminated by RQ DNase (two units at 378C for 15 min). The RNA transcripts were puri®ed by phenol/chloroform extraction, precipitated with isopropanol and quanti®ed by spectrophotometry.
In vitro cleavage reaction
The RNA target and the Rz were mixed at dierent molar ratios (1/4, 1/10, 1/20, 1/40, 1/120, 1/200) in a reaction mixture containing 50 mM Tris-HCl pH 8.0 and 30 mM MgCl 2 for 90 min at 378C. The reaction was stopped by addition of 95% formamide, 0.05% bromophenol blue and 0.05% xylene cyanol, and heated at 658C for 5 min. RNA fragments were separated on 6% polyacrylamide gels containing 8 M urea. The gel was stained with ethidium bromide and analysed using NIH Image 1.6 software.
Cloning and transfection
The Rz BRCA1 ± 358 and 5282 were cloned into the retroviral vector LXSN using two unique restriction sites EcoRI and XhoI. The cloning of both Rz was veri®ed by sequencing using two primers¯anking the cloning site (LXSNSeqF: 5'-CTCCGCCTCCTCTTCCTC-3' and LXSNSeqR: 5'-CTAATTGAGATGCATGCTTTGC-3') done on an ABI prism 310 sequencer. Transfection of LXSN as a negative control, LXSNBRCA1 ± 358 and LXSNBRCA1 ± 5282 into cultured cells was performed using lipofectin 1 (Life Technologies, Gibco ± BRL) according to the protocol recommended: transfection of 2610 5 cells with 2 mg of vector and 10 ml of lipofectin 1 in medium without serum for 24 h, cultivation in complete medium for 72 h, followed by selection of clones with 0.8 mg/ml G418. After 3 weeks of selection, individual colonies were expanded and RNA and protein were extracted for the analysis of BRCA1 expression. Total RNA extraction was done using Trizol 1 (Life Technologies, Gibco ± BRL), then 1 mg of total RNA was reverse transcribed using First-Strand cDNA Synthesis kit (Pharmacia Biotech) with random hexamers. Protein extraction was performed using lysis buer (150 mM NaCl, 20 mM Tris HCl (pH 8.0), 0.2 mM EDTA, 1 mM PMSF, 10% glycerol, 1% Triton X-100) with protease inhibitors (complete TM , mini, EDTA-free, Roche). RNA and protein were quanti®ed by spectrophotometry.
Quantitative RT ± PCR using real-time PCR TaqMan   1   technology The quanti®cation of transcription by Real-Time PCR takes advantage of the 5' nuclease activity of Taq DNA polymerase. The design of two primers¯anking a labelled probe containing both a¯uorescent reporter dye and a quencher dye was done with the Primer Express software (PE Biosystems). The Tm of the probe was 108C higher than that of the primers for complete probe annealing. During the extension phase, the Taq DNA polymerase degrades the probe, leading to the emission of the reporter dye once separated from the eect of the quencher dye. Thē uorescence emitted is directly proportional to the number of amplicons produced during each cycle. The cycle threshold (Ct) is the number of the cycles needed to reach thē uorescence detection threshold and depends on the number of DNA templates at the start of the PCR. The use of 18S ribosomal RNA as a reference gene provides an internal control for PCR quanti®cation by the comparative Ct method. The PE Applied Biosystems 7700 Sequence Detector can discriminate dierent reporter dyes used for the test gene and the reference gene, making possible the quanti®cation of two genes simultaneously during a multiplex PCR. The comparative Ct method subtracts the average 18S Ct value (each multiplex PCR is done in triplicate) from the average test gene Ct value, this result represents the DCt. This DCt is speci®c and can be compared to the DCt of a calibration sample (for example the control cell line HBL100). The amount of target, determined by normalization to the endogenous reference (18S) and relative to the calibrator, is 2 7DDCt with DDCt the subtraction of the HBL100 DCt from the DCt of the sample, assuming that the eciency of both PCRs is close to one. For all probes the quencher dye was 6 carboxy-tetramethylrhodamine (TAMRA), reporter dye was 6 carboxy¯uorescein (FAM) for BRCA1 and VIC for 18S for use in multiplex PCR.
The expression of BRCA1 and 18S was quanti®ed by TaqMan technology (two primers and a¯uorescent probe), whereas JNK1, 2, MEK-4, -7 and c-jun were quanti®ed by using SYBRgreen. The measure of the¯uorescence emitted by the association of SYBRgreen with the PCR products quanti®ed the test gene ampli®cation. 18S reference ampli®-cation was performed in a parallel reaction. For sequence of primers and probes see Table 2 .
Ampli®cation was performed in 25 ml containing 12.5 ml of 26 MasterMix, 200 nM primers (and probe where appropriate) for the target gene (50 nM for 18S) and 5 ng of cDNA (508C, 2 min for AmpErase uracil-N-glycosylase activation (for TaqMan technology); 958C, 10 min for Amplitaq Gold activation and 40 cycles 958C, 15 s; 608C, 1 min).
Western-blot analysis
Protein were separated on 4 ± 12% SDS ± PAGE and transferred to ImmobilonP membrane (Millipore). Membranes were blocked for 1 h in PBS-0.01% Tween with 5% nonfat dry milk and immunoblotted with 1/200 diluted primary antibodies for 1 h: anti-BRCA1 (C-20), anti-p-c-jun (KM1) from Santa-Cruz Biotechnology or anti-actin A4700 (Sigma). The secondary antibodies were anti-mouse or antirabbit IgG conjugated to horseradish peroxydase (Santa-Cruz Biotechnology) used at 1/2000 dilution for 45 min and detected with the ECL chemiluminescent detection system (Amersham Pharmacia Biotech).
Drug treatments and quantification of proliferation
The four drugs tested were: 0.25 mM etoposide (VP16), 15 mM taxol, 2.5 mM vincristine, all from Sigma, and 15 mM cisplatin (CDDP) from Rhone Poulenc Roher. Taxol, vincristine, etoposide were prepared in DMSO, CDDP was prepared by the supplier (doses corresponding to IC50 of the most sensitive cells at T168). Cells (HBL100, HBL100 LXSN and HBL100 Rz clones) were plated at 5000 cells/well in 96-well plates. Twenty-four hours after plating (T24), cells were treated with drug for 24 h (T48) and after changing to fresh medium cells were cultivated for 7 days. Quanti®cation of proliferation was done at T24, T48, T96, T168 and T216 using the sulphorhodamine B proliferation test: cells were ®xed with 50% trichloroacetic acid for 1 h then washed with water and stained with sulphorhodamine B (SRB) (Sigma), a bright pink aminoxanthene dye which binds to basic amino acid residues. Then cells were washed with 1% acetic acid and the SRB solubilized with 10 mM Tris HCl (Sigma). SRB was quanti®ed using a spectrophotometer at 530 nm. The background was measured at 640 nM and subtracted from the 530 nM value. All the determinations were normalized to the T24 samples, which is the control of plating before treatment (OD nh/OD 24 h). For quantitative RT ± PCR and determination of phosphorylated c-jun after vincristine treatment, 2610 6 cells were treated with 2.5 mM vincristine for 24 h, washed in PBS and then cultivated in fresh medium for 24 h. RNA and protein extractions were done at T0 which is the basal level (start of the treatment), T24 (end of the treatment), T48 (and T72 for RNA extraction). For BRCA1 and 18S the TaqMan technology was used (two primers and one probe) whereas the other genes were quanti®ed by the use of SYBR green labelling (two primers). For the probes, the quencher dye was 6 carboxy-tetramethylrhodamine (TAMRA), reporter dye was 6 carboxy¯uorescein (FAM) for BRCA1 and VIC for the 18S for use in multiplex PCR
